Ribosomopathies are diseases caused by defects in ribosomal constituents or in factors with a role in ribosome assembly. Intriguingly, congenital ribosomopathies display a paradoxical transition from early symptoms due to cellular hypo-proliferation to an elevated cancer risk later in life. Another association between ribosome defects and cancer came into view after the recent discovery of somatic mutations in ribosomal proteins and rDNA copy number changes in a variety of tumor types, giving rise to somatic ribosomopathies. Despite these clear connections between ribosome defects and cancer, the molecular mechanisms by which defects in this essential cellular machinery are oncogenic only start to emerge. In this review, the impact of ribosomal defects on the cellular function and their mechanisms of promoting oncogenesis are described. In particular, we discuss the emerging hallmarks of ribosomopathies such as the appearance of 'onco-ribosomes' that are specialized in translating oncoproteins, dysregulation of translation-independent extra-ribosomal functions of ribosomal proteins, rewired cellular protein and energy metabolism, and extensive oxidative stress leading to DNA damage. We end by integrating these findings in a model that can provide an explanation how ribosomopathies could lead to the transition from hypo-to hyper-proliferation in bone marrow failure syndromes with elevated cancer risk.
INTRODUCTION
The ribosome is one of the most ancient primordial molecular machines, posited to have originated 4 billion years ago. The ancient ribosomal heart still beats with the same purpose today: executing a key role in the central dogma of molecular biology by translating messenger RNA (mRNA) into proteins. The human ribosome is composed of a small 40S subunit consisting of the 18S rRNA chain and 33 RPS proteins and a large 60S subunit encompassing the 28S, 5S and 5.8S rRNA chains, and 47 RPL proteins. The accuracy of sequential ribosome assembly followed by functional quality checks are crucial aspects of the ribosomal biorhythm. It has been estimated that thousands of ribosomes are being manufactured and functionally checked every minute in a growing eukaryotic cell (1) .
A defect in even one of the components of this essential cellular apparatus can have a major impact on cellular function. A group of diseases--ribosomopathies--are characterized by defects in RPs, rRNA processing or ribosome assembly factors (2) . An intriguing characteristic of ribosomopathies is the remarkable tissue-specificity of the phenotypic abnormalities. Despite the fact that every cell in the body relies on ribosomes to translate mRNA into proteins, the disease-associated abnormalities in ribosomopathy patients are restricted to particular tissues, for example the frequently affected hematopoietic system. We refer to other recent reviews that have provided insights and potential explanations for this observation (3) (4) (5) . A second peculiarity of ribosomopathies is the evolution of the disease phenotype. Early in life, ribosomopathy patients present symptoms such as bone marrow failure and anemia, broadly fitting into the category of cellular hypo-proliferation phenotypes. Whereas the consequences of these phenotypes used to be lethal, supportive treatments now allow patients to survive this initial disease phase. However, the improved life-span has illuminated a paradoxical second disease phase, as these patients have an elevated risk of progressing to a hyper-proliferative cellular state and ultimately cancer later in life (6) . Overall, ribosomopathy patients have a 2.5-to 8.5-fold higher risk to develop cancer throughout their life, and for particular cancer types these risks can be up to 200-fold higher (7) (8) (9) . For a recent review providing an overview on the cancer risks in ribosomopathies, we refer to (10) . The question thus arises of how ribosomopathies can undergo a transition from an illness founded on a lack of cell proliferation to cancer, a disease of uncontrolled growth? The recent discovery of somatic mutations in RPs in a variety of tumor types provides a second link between ribosome defects and cancer. In this review, we discuss the most recent findings and perspectives with respect to ribosomopathies, with a main focus on the molecular mechanisms driving ribosomopathy-associated cancer development. Defining the 'hallmarks of ribosomopathies' is inspired by the landmark paper by Hanahan and Weinberg on the 'hallmarks of cancer', in which the molecular biological cellular changes that are at the basis of cancer are described (11) .
RIBOSOMOPATHIES
Mammalian ribosome assembly, also referred to as ribosome biogenesis, is a complex and incompletely understood process (reviewed in (12) ). Mature mammalian ribosomes consist of ∼6000 rRNA bases divided over 4 rRNA molecules as well as 80 RPs. Hundreds of accessory transacting biogenesis factors facilitate the eukaryotic ribosome assembly process. These proteins are not incorporated into the mature ribosome, but instead guide the maturation process. This process starts in the nucleolus, where three out of four rRNA molecules are transcribed as a long precursor rRNA (pre-rRNA). These pre-rRNAs undergo a series of cleavages (known as 'processing') along with modifications, such as methylation and pseudouridylation mediated by hundreds of small nucleolar RNAs and protein co-factors, to become the mature 18S, 28S, 5.8S and 5S rRNAs (13) . Ribosomal protein (RP) encoding mRNAs are transcribed in the nucleoplasm, translated in the cytoplasm, after which RPs are shuttled back to the nucleolus to associate with the maturing ribosome. A series of ribosome assembly intermediates are formed before the pre-60S and pre-40S particles are exported from the nucleolus into the nucleus and subsequently to the cytoplasm for final rRNA processing and protein associations. Finally, the fully assembled and mature 60S and 40S subunits bind to form translationally active 80S ribosomes.
Given the essential cellular function of ribosomes as protein production factories, non-lethal alterations in ribosome assembly and/or function are expected to cause cellular dysfunction and potentially disease. Ribosomopathies can be defined as diseases associated with a mutation in a RP, in rRNA, in a biogenesis factor, or with a defect in rDNA transcription that is linked to disease causality (6) . The term ribosomopathy was historically used to refer to disease syndromes caused by congenital mutations in the ribosome or a biogenesis factor. The definition above may however also apply to cancers with somatic RP gene mutations, as the data supporting causality of these mutations in tumor pathogenesis cannot be ignored as discussed below. However, cancers are caused by the accumulation of multiple genetic events, which can include somatic RP mutations. A somatic RP mutation may thus promote transformation but will not be sufficient to cause cancer. On the other hand, mutations in RPs and ribosome biogenesis factors are likely sufficient to cause the hypo-proliferative phenotypes observed in the early phase of the congenital ribosomopathy syndromes. We provide an overview of congenital and somatic ribosomopathies in the following section.
For several of these diseases, relevant animal models have been established, which have been reviewed elsewhere (14) .
Congenital ribosomopathies
In 1999, the first recurrent RP mutations were described in RPS19 (also known as eS19 according to the new nomenclature (15) ), in patients with the congenital bone marrow failure syndrome Diamond-Blackfan anemia (DBA) (16) . Since then, RP mutations have been identified in ∼50% of DBA patients, with loss-of-function mutations in RPS19, RPL5 (uL18), RPL11 (uL5) and RPS10 (eS10) being the most frequent (17) ( Figure 1A ). Other congenital syndromes have been linked to defects in ribosome biogenesis factors. Each of these genetic abnormalities disrupts a specific step in ribosome biogenesis. The most studied ribosomopathies besides DBA include Shwachman-Diamond syndrome (SDS), X-linked dyskeratosis congenita (DC), cartilage hair hypoplasia (CHH) and Treacher Collins syndrome (TCS) (2). In SDS, 90% of patients display inactivating mutations in the SBDS gene (18) . SBDS encodes a trans-acting factor involved in late cytoplasmic maturation of 60S subunits by promoting the release of eukaryotic initiation factor 6 (EIF6) from pre-60S subunits (19) . EIF6 keeps the nascent 60S subunit inactive during cytoplasmic 60S assembly by preventing premature association with the 40S subunit. In SDS patients, efficient EIF6 release does not take place, thereby stalling 60S maturation (20) . CHH is caused by mutations in RMRP, a long non-coding RNA (lnc-RNA) component of the RNase mitochondrial RNA processing complex. RMRP mutations or knock-down affect rRNA processing by inhibiting cleavage of pre-rRNA in the internal transcribed spacer 1 (ITS1), limiting the maturation of 18S and 5.8S rRNAs (21, 22) . DBA-associated mutations in several RPs in both subunits also have a direct impact on pre-rRNA. These specific processing defects in DBA cells are even utilized to diagnose the disease (23) (24) (25) . Twenty five percent of the patients suffering from DC carry mutations in DKC1, encoding dyskerin--the enzyme executing rRNA pseudouridylation. DKC1 also has a role in telomere maintenance and shares this function with other genes such as TINF2, TERC or TERT that are recurrently mutated in DC (26) . DBA, SDS and DC are characterized by bone marrow failure phenotypes early in life, followed by an elevated risk to develop cancer later in life. The fact that TCS is not associated with increased cancer incidence or bone marrow failure is of interest. In contrast to other RP defects that are linked to a specialized translational program of subsets of genes controlling hematopoiesis, this has not been described for TCS. TCS is caused by a lack of polymerase I/III activity due to a deletion or mutation in TCOF1, POLR1C and POLR1D (27) (28) (29) . These defects lead to reduced levels of mature ribosomes and lower overall translation, thereby weakening the cells and promoting a quiescent state. More rare and less studied ribosomopathies include isolated congenital asplenia and North American Indian childhood cirrhosis. More recently, a germline truncating mutation in RPS20 (uS10) was identified as a colon cancer predisposing mutation, and knockdown of RPS20 was also shown to impair pre-ribosomal RNA maturation (30) .
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RP mutations and copy number changes. Genomic analyses on 10 744 cancer patient samples and cell lines revealed that about 43% of cancers display RP deletions (31) . Over 95% of these RP deletions are heterozygous, as homozygous loss of most RPs is lethal for a cell, with the exception of homozygous loss of non-essential RPs such as RPL22. The deletions in cancer patients encompassing RP genes sometimes also affect established tumor suppressors such as TP53 and CDKN2A/B. In the past, it was therefore often assumed that RP gene deletions were a meaningless side effect of larger deletions affecting these tumor suppressors. However, additional genetic data support a causative role for these mutations in cancer: besides deletions, somatic heterozygous inactivating mutations are recurrently observed in RP genes in large deletion regions such as RPL5, RPL11 and RPL22 (eL22) (32) (33) (34) (35) (36) (37) . Moreover, the RPL5 and RPL22 genes on chromosome bands 1p22 and 1p36 respectively are located within the common minimally deleted region across patients (34, 38) , further supporting specific clonal selection of loss of these RP alleles throughout tumor development. Finally, experiments in animal models support the oncogenic role of heterozygous loss of RP genes. Development of peripheral nerve sheet tumors have been observed in 17 different heterozygous RP gene mutant zebrafish lines, and transgenic mouse lines modeling heterozygous loss of Rpl22 or Rpl11 display tumor acceleration phenotypes (34, (39) (40) (41) . Haploinsufficiency for RPS14 (uS11) in 5q− myelodysplastic syndrome (MDS) leads to an erythroid differentiation defect highly similar to DBA. This disorder is characterized by a somatically acquired deletion of the entire 5q chromosomal region, and other genes besides RPS14 in the deleted 5q region may therefore also contribute to the disease phenotype (42, 43) .
Somatic recurrent RP mutations and deletions have also been detected in cancer samples ( Figures 1B and 2) . While low frequency mutations in RPL11 are observed in melanoma and relapsed T-cell acute lymphoblastic leukemia (T-ALL), heterozygous loss of RPL5 by deletions or inactivating mutations occurs in 2% of T-ALL samples and in up to 30% of multiple myeloma, melanoma, glioblastoma and breast cancers (32, 33, 38, (44) (45) (46) . These RPs, which are also recurrently deleted and mutated in DBA, share certain extra-ribosomal functions as discussed below. A tumor suppressor role for RPL5 is supported by the fact that its downregulation accelerates tumor formation in xenografted breast cancer cell lines (32) . In contrast, loss of RPL5 rather inhibits cell proliferation of normal cells (47) . Breast cancer cell lines carry a high mutational load as opposed to normal cells. These contradictory observations may thus suggest that, in addition to the tumor promoting actions of RPL5 as discussed below, RPL5 can only function as a tumor suppressor in cooperation with other genetic defects already present, as in the case of breast cancer cells.
Mutations or deletions in RPL22 were described in 4% of T-ALL samples (34, 46) . Moreover, truncating RPL22 mutations are present in ∼10% of gastric, endometrial and colorectal cancer samples (35) (36) (37) . In mice, Rpl22 directly re-presses expression of its paralog Rpl22l1. Therefore, Rpl22 null mice have only subtle phenotypes with no significant translation defects because of a compensatory increase in Rpl22-like1 (Rpl22l1) expression and its incorporation into ribosomes (48) . The relevance and implications of this in the context of cancers with RPL22 loss remains to be determined.
The genomic region encoding RPL23A (uL23) is amplified in 12.5% of uterine cancers where it is part of a distinct amplification peak. These amplifications occur more frequent in serous endometroid tumors, a more rare and aggressive subtype of uterine cancer (32) .
For RPS15 (uS19) and RPL10 (uL16), no copy number changes have been described, but these genes are targeted by clustered mutations. RPS15 mutations concentrate in a region encoding 7 conserved C-terminal amino acids (131) (132) (133) (134) (135) (136) (137) (138) and are detected in up to 20% of patients with relapsed chronic lymphoid leukemia (CLL) (49, 50) . The mutational clustering is even more striking for RPL10: 8% of pediatric T-ALL patients display the same R98S missense mutation in this RP in their leukemia cells (45, 46) . Interestingly, the P-site loop of RPL10, which harbors this mutated R98 residue, interacts with the N-terminal domain of SBDS. SBDS mutations interfere with this RPL10 interaction, causing similar ribosome biogenesis defects with impaired 60S subunit maturation due to defective EIF6 release from the ribosome (19) .
Copy number changes in ribosomal DNA. In addition to the RPs, the rRNA is essential for ribosome functioning, and variations in the rDNA may contribute to ribosomopathies. So far, the studies on the role of rDNA variations in human disease are sparse. This is a consequence of the complex genetic structure of the rDNA, with hundreds of copies of the rDNA operon organized in tandem arrays. This is further complicated by the absence of rDNA sequences in mammalian genome assemblies and the inherent difficulty of sequence assembly and variant discovery in highly repetitive regions such as the rDNA loci. Recent work revealed that rDNA copy numbers vary between 50 and 1500 copies among individuals. Moreover, rDNA operons were found to encode thousands of single nucleotide variants in the rRNA components of assembled and actively translating ribosomes. Furthermore, rDNA variants are evolutionarily conserved between mouse and humans and map to functional centers of the ribosome, including defined interaction sites with translation factors. These findings support the concept that genomic variants in the rDNA can give rise to heterogeneous ribosomes (51) . Genomic instability of the rDNA loci has been reported in congenital diseases that are linked to an elevated cancer risk, such as Bloom syndrome and ataxia-teleangiectasia (52) . Somatic copy number losses of the 45S rDNA have recently been described in a variety of tumor types (53) (54) (55) . Loss of 45S rDNA copy numbers in cancer are commonly observed together with hyperactivity of mTOR, an activator of ribosome biogenesis (54) , and rDNA loss may thus act as a mechanism to rebalance ribosome biogenesis. Furthermore, tumors with mutations in ATRX, a chaperone of histone H3, are enriched for rDNA copy number loss, supporting a role for ATRX in rDNA maintenance (55) . Finally, tu-Nucleic Acids Research, 2020, Vol. 48 mors cells with rDNA copy loss display elevated sensitivity to DNA damaging agents and RNA polymerase I inhibitors (54, 55) .
ONCOGENIC MECHANISMS IN RIBOSOMOPATHIES
Research on the effects of ribosomal defects on ribosome function and cell physiology has provided insights into the oncogenic molecular mechanisms in ribosomopathies. These mechanisms can be broadly divided into three categories. The first category concerns the direct effect of ribosomal gene defects on the ribosomal protein synthesis function. Ribosomal defects not only lead to ribosome insufficiency due to ribosome mis-assembly, but also alter the translational output of the mis-assembled, structurally distinct ribosomes. As a consequence, the resulting translatome can be shifted toward growth-promoting and oncogenic protein expression signatures. Second, extraribosomal moonlighting functions of RPs involved in ribosomopathies may contribute to oncogenic transformation, as some RPs regulate major cancer proteins in a translationindependent manner. The third category entails the influence of ribosome defects on cellular protein and energy metabolism, which can result in cellular stress conditions that can promote acquisition of secondary mutations (Figure 3 ).
Altered mRNA translation by specialized onco-ribosomes
Many consider the ribosome as a conserved machine with the same composition in all cells and tissues of the body that translates available mRNA equally. Plenty of studies however support ribosomal heterogeneity at the level of core RPs, rRNA and of proteins interacting with the ribosome (56) (57) (58) (59) . Importantly, variations in ribosome composition have functional implications: ribosomes with different composition display specialized functions with preferential translation of particular mRNAs. Within the context of congenital and somatic RP mutations in ribosomopathies and cancer, there are data supporting that, in addition to negatively impacting ribosome assembly, these mutations change the intrinsic ribosomal preferences for particular mRNAs. The resulting specialized proteome could be instrumental for enabling a pre-oncogenic state, and we discuss various aspects of this possibility below. Speed and accuracy are critical properties of translation. Many RP-mutant cell models display altered translational speed and fidelity, suggesting that such defects have a role in the pathogenesis of ribosomopathies. The RPS15 mutations in CLL are one example: three of the recurrent mutations in the mutational hotspot region (P131S, T136A and S139F) cause a general reduction of translation, two other recurrent mutations (H137Y and S138F) promote near-cognate amino acid misincorporation and the majority of tested mutations promotes stop-codon read-through (50) . Similarly, the T-ALL associated RPL10-R98S mutation increases near-cognate amino acid misincorporation and stop-codon read-through in a yeast model (60) .
In addition to these more general translation fidelity phenotypes, very specific translation defects only affecting particular mRNAs have been described in some instances. For example, erythroid cells of Rps19 and Rpl11 mutant ze- brafish lines show a reduced production of globin proteins, which partially explains their anemic phenotype (61) . Moreover, cells derived from nerve sheath tumors in zebrafish display a specific defect in Tp53 translation (62) . Frequently, the reshaping of the translational output of mutant ribosomes can be explained by altered interactions with translation regulatory elements. For example, internal ribosomal entry site (IRES) elements in mRNAs can recruit ribosomes independent of the canonical cap-driven translation initiation. These elements are frequently found on mR-NAs encoding stress-response genes, enabling the rapid activation of their translation in conditions of cellular stress, when cap-dependent translation is repressed. In a physiological setting, specific RPs can promote translation of IRES-containing mRNAs. An example is Rpl38, which is required for IRES-mediated translation of Hoxa genes (63). In a disease context, mutations in ribosomes can influence IRES-mediated translation rates, independent of stress conditions. For example, the RPL10-R98S mutation drives specific and constitutive IRES-mediated overexpression of the anti-apoptotic factor BCL2 in leukemia cells. This enables ribosome-mutant cells to survive high levels of oxidative stress associated with the RPL10-R98S mutation (64) . With respect to inactivation of RPL22, it may be of interest that RPL22 protein levels have been shown to influence rates of translation driven by a hepatitis C virus IRES sequence, an observation that requires further investigation in the context of cancer development (65) . DBA-associated mutations in RPS19 and RPL11 reduce IRES-mediated translation of erythroid differentiation factors BAG1 and CSDE1 in DBA mouse models and patient samples (66) . Whereas this most likely cannot explain the cancer predisposition in DBA, it may provide an explanation for the erythroid defect in this disease. In addition to RP mutations, defective RNA modifications can also influence IRES-mediated translation. DKC1 mutations linked to DC inhibit the translation of particular IRES-containing mRNAs, such as those encoding the tumor suppressors TP53 and CDKN1B and the anti-apoptotic factors BCL2L1 and XIAP and they enhance IRES-translation of the mRNA encoding the angiogenic growth factor VEGF (67-69). Furthermore, p53inactivated cancer cells display elevated expression of the rRNA methyl-transferase fibrillarin (FBL) leading to altered 2 -O-methylation of the rRNA and increased IRESdependent translation of cancer genes (70, 71) . These studies highlight that altered IRES-dependent translation by defective ribosomes may contribute to cancer transformation in ribosomopathies by shifting the balance to pro-oncogenic proteins at the expense of tumor suppressor proteins.
Another class of cis-acting mRNA control elements include programmed −1 ribosomal frameshift (-1 PRF) signals. In mammalian cells, such signals induce translating ribosomes to move by one nucleotide in the −1 direction on an mRNA, leading to translation in a new −1 reading frame and termination at a premature stop codon (72). Increased incidences of −1 PRF on an mRNA thus lead to lower rates of translation of that particular mRNA. Depletion of DKC1 broadly reduces translational fidelity and increases the frequency of −1 PRF in yeast and human cells (73) . Furthermore, ribosomes carrying the T-ALL associated RPL10-R98S mutation display lower rates of −1 PRF on mRNAs encoding proteins of the JAK-STAT signaling cascade, causing elevated expression of JAK-STAT proteins (74) .
Upstream open reading frames (uORFs) represent another class of mRNA regulons in the 5 untranslated regions (5 UTRs) that can influence translation rates of the downstream ORF. An example of altered translation mediated by an uORF has been described in SDS. SBDS mutations in SDS specifically affect translation of the C/EBP␣ and ␤ proteins, which are important regulators of hematopoietic granulocyte differentiation. SBDS is required for efficient translation re-initiation on the C/EBPα and β mR-NAs, which is controlled by a single uORF in the 5 UTR of these mRNAs (75) . Besides the impaired hematopoiesis as observed in SBDS, the inability to translate C/EBP ␣ and ␤ properly may have a role in the 202-fold elevated risk to develop acute myeloid leukemia (AML) in SDS patients (8), as loss-of-function mutations in C/EBPα have a known role in AML pathogenesis (76) .
Several additional types of mRNA regulatory elements have recently been discovered that can direct selective capdependent translation of specific pro-tumorigenic mRNAs (reviewed in (77)). It remains to be determined if translation of transcripts containing such secondary structures is also altered in ribosomopathies. New insights here may further broaden the repertoire of specialized ribosome functions in ribosomopathies and their potential to contribute to transformation and cancer progression.
Finally, reduced expression of RPS19, RPL5, RPL11 or RPS24 (eS24) in DBA cells leads to a specific decrease in GATA1 translation (78, 79) . Here, no particular mRNA regulatory element has yet been identified that may explain this translational reduction, and the phenotype has been attributed to the short and unstructured nature of the 5 UTR of the GATA1 mRNA. GATA1 is an essential transcription factor for erythroid development, and inactivating GATA1 mutations have been described in DBA in addition to the GATA1 translation defect in this disease (78, 80) .
Changes in translation-independent moonlighting functions of RPs
Translational dysregulation contributes to the observed disease phenotypes in ribosome-mutant diseases, but other data indicate that additional factors are also involved. For example, extensive characterization of the transcriptome and translatome changes induced by the leukemiaassociated RPL10-R98S mutation revealed that half of the 246 detected protein level changes could be explained by transcriptional rather than translation efficiency changes (81) . Translation-independent extra-ribosomal moonlighting functions have been described for certain RPs (82), of which several entail regulation of established oncogenes and tumor suppressors. In this context, it is important to consider dysregulation of these extra-ribosomal functions of RPs as a source of oncogenesis.
Several RPs act as suppressors of c-MYC. This factor enhances ribosome biogenesis by inducing rRNA and RP transcription, and certain RPs in turn repress c-MYC expression and function (83) . RPL11 binds to the promoter regions of c-MYC target genes, thereby reducing c-MYC-dependent transcription (83, 84) . Moreover, RPL5 and RPL11 can jointly bind to the c-MYC mRNA and guide it to the RNA-induced silencing complex (RISC) for degradation (85) . Similar mechanisms of repressing c-MYC expression and function have also been described for RPS14 (86) . In addition, c-MYC activation has been described upon RPL22 inactivation via an indirect NF-kB-Lin28B-Let7 miRNA mechanism (34) . Mutations or deletions of these RPs might thus promote transformation by oncogenic c-MYC overexpression. In support of this notion, c-MYC upregulation has been described in mouse lymphoma models that were accelerated by heterozygous Rpl11 or Rpl22 deletions (34, 41) .
A second well-established extra-ribosomal function of some RPs entails TP53 regulation. The causes of the hypoproliferative clinical symptoms of most ribosomopathies have long been linked to TP53 activation (87) . However, TP53-independent mechanisms of cell-cycle arrest after ribosomal stress have also been described (88) . The MDM2 protein is a central regulator of TP53, functioning as an ubiquitin ligase that guides TP53 degradation. Ribosome assembly defects result in freely available RPs, some of which (e.g. RPL5/RPL11) can bind and sequester MDM2, preventing MDM2-induced TP53 degradation and thereby inducing TP53 activity (24, 89) . Consistent with this, RPL5 and RPL11 mutations in DBA cells are associated with defects in ribosome biogenesis and cell cycle progression (24, 85, 89) . Furthermore, RPL5 or RPL11 loss-of-function might predispose DBA patients to cancer by loss of capacity to activate the TP53 tumor suppressor. While this extra-ribosomal function is most established for RPL5 and RPL11, many other RPs have been described to regulate TP53 by binding MDM2 (82) .
RPL10 interferes with the oncogenic transcription factor c-JUN by inhibiting its DNA binding and transactivation (90) (91) (92) . c-JUN can dimerize with c-FOS to form the AP-1 oncogenic transcription factor complex. In particular, RPL10 was reported to compete with c-FOS for the same binding domain on c-JUN (92). As described above, expression of the RPL10-R98S mutation in lymphoid cells induces extensive transcriptional changes. Intriguingly, the majority of downregulated transcripts in RPL10-R98S cells are predicted c-FOS target genes (81) . These results may indicate an impact of the R98S mutation on the extra-ribosomal regulation of c-JUN by RPL10.
Cell metabolism reprogramming
The role of defective ribosomes in the transition to cancer might also be indirect. Besides inducing specific translational changes, multiple lines of evidence support interaction between ribosomes and the composition and functioning of proteasomes, thereby controlling protein metabolism. Additionally, proper ribosomal functioning is also required for controlling cellular redox homeostasis. In this regard, excessive levels of reactive oxygen species (ROS) and the resulting acceleration of secondary mutations have been linked to several ribosomopathies. Finally, ribosomal defects can alter glycolysis and serine/glycine metabolism through direct or indirect regulation. In the sections below, we discuss the ribosome-dependent and independent mechanisms of cell metabolism dysregulation in ribosomopathies.
Effects on the proteasome. Proteasomes fulfill the opposite cellular function of ribosomes: the degradation of proteins that have been tagged with an ubiquitin mark. A number of observations indicate that the functioning of ribosomes and proteasomes is interconnected. For example, 15 proteasomal protein components were identified in the set of protein interaction partners of the ribosome (ribointeractome) obtained from mouse embryonic fibroblasts (58) . This observation suggests physical interactions and potential mutual regulation between ribosomes and proteasomes. The Biogrid database supports RP-proteasome interactions between RPL5 and PSMB1 and between RPL11 and PSMD4 in human cells (93) . Various ribosomopathy models strengthen that dysregulation of ribosomes also has implications on the proteasome. RPS19 is affected in 25% of DBA patients and interacts with proteasomal subunits, PSMC5 and PSMC6. Intriguingly, this interaction is lost in the DBA-associated R62W and R101H RPS19 mutants (94, 95) . Furthermore, proteome comparison of erythrocytes from DBA patients versus healthy controls revealed that immunoproteasome components PSMB8, PSM9 and PSMB10 were overexpressed in DBA erythrocytes (96) . Proteome analysis of Hek293T cells expressing WT or CLLassociated RPS15 mutants also showed a significant enrichment of proteasome components among the differentially expressed proteins (50) . The same applies to proteomes from isogenic lymphoid cell models expressing RPL10-WT or R98S mutant ribosomes (74) . The RPL10-R98S cell model showed up-and downregulation of various proteasomal units, including upregulation of Psmb10. This altered proteasomal unit expression in RPL10-R98S cells is associated with reduced chymotrypsin-like and caspase-like proteasomal activities, and with elevated sensitivity of RPL10-R98S expressing cells for the clinically used proteasome inhibitors, bortezomib and carfilzomib (74) . These observations may indicate the expression of a distinct type of proteasomes in RPL10-R98S cells, and is consistent with previously described 'mixed type' proteasomes, consisting of constitutive as well as immuno-subunits (97, 98) . Different proteasome varieties show quantitative differences in cleavage efficiency of particular epitopes, which might provide a certain degree of protein specificity (99, 100) . In the context of RPL10-R98S, data support that the altered composition and activity of the proteasome influence stability of particular cellular proteins and that this may help in reshaping the cellular proteome toward a more oncogenic one. Indeed, JAK1, an oncogenic kinase with a known pathogenic role in T-ALL showed an enhanced stability in RPL10-R98S cells. RPL5 haploinsufficiency occurs in various cancer types ( Figure 2) including multiple myeloma, for which proteasome inhibitors are part of the standard of care. Analysis of clinical trial data revealed that multiple myeloma patients with low RPL5 mRNA expression levels respond better to the proteasome inhibitor bortezomib as compared to patients with high RPL5 expression (38) . For the CLL-associated RPS15 mutants, reduced protein stability has been observed as compared to WT RPS15, and these mutants could be partially restabilized by bortezomib Nucleic Acids Research, 2020 , Vol. 48, No. 3 1021 . It remains to be determined whether proteasome inhibitors also have a stronger effect on the viability of RPS15 mutant CLL cells as compared to WT cells. Finally, proteasome inhibitors may also have therapeutic potential for certain RPS19-mutant DBA patients. Two distinct classes of RPS19 mutants have been described: a first class with normal nucleolar localization and slightly decreased protein expression, and a second class characterized by a stronger reduction in protein expression on top of a failure to localize to the nucleolus. Proteasome inhibitor treatment of cells expressing the second class of RPS19 mutants leads to RPS19 protein restabilization and restoration of its nucleolar localization (101) . Altogether, these observations underscore the effects of ribosomal defects on the proteasome and support that proteasome inhibitors may have potential for the treatment of RP-mutant diseases.
Excessive ROS levels. Reactive oxygen species (ROS) accumulate when cells increase the processing of very longchain fatty acids in the peroxisomes or the mitochondrial electron chain reactions for ATP production, or upon limited availability of cellular anti-oxidants such as glutathione. Either of these processes can be affected by transformation-associated metabolic reprogramming of cells. Changes in RP expression levels, RP mutations or assembly factors can lead to dynamic adaptations in cellular metabolic preferences.
It is becoming clear that RP-mutant diseases are associated with high cellular oxidative stress due to increased cellular ROS levels. The mechanisms by which defective ribosomes induce elevated ROS levels are however poorly understood. In the case of the leukemia-associated RPL10-R98S mutation, this may arise from enhanced peroxisome activity (64) . Furthermore, wild-type RPL10 regulates the expression of proteins related to ROS production and it controls mitochondrial ROS production in pancreatic cancer (102) . RPL10-R98S may also alter these ROS regulatory functions. Other RPs have also been associated with oxidative stress responses. For example, ROS-inducing agents can cause RPS3 (uS3) translocation to the mitochondria, where it can protect cells from ROS-induced mitochondrial DNA damage (103) .
Enhanced ROS levels can induce different cellular outcomes: low ROS levels stimulate cell proliferation by activating the PI3K and MAPK signaling pathways (104-107), whereas higher levels of ROS-associated oxidative stress become toxic and inhibit proliferation. In the context of RP mutations, the latter seems to apply: lowering cellular ROS levels by antioxidants can rescue the proliferation defects in RPL10-R98S cells (64) , indicating that RPL10-R98S associated ROS production impairs cell proliferation. Elevated ROS levels have been linked to increased DNA damage and genomic instability in cancer (108) . Leukemiaassociated RP defects were shown to be connected to elevated DNA damage, with a mutational signature consistent with oxidative stress (64, 109) . Models of DBA also display enhanced oxidative stress and DNA damage. RPL5-and RPS19-deficient mouse erythroleukemia-DBA clones and DBA patient samples contained increased ROS levels and displayed higher levels of DNA double-strand breaks and 8-oxoguanine oxidative DNA damage (110) . Additionally, TF-1 myeloid cells with knockdown of SBDS and SDS patient lymphocytes showed elevated cellular oxidative stress (111, 112) . In a mouse model with specific Sbds deletion in the mesenchymal cells of the hematopoietic niche, inflammation was induced, resulting in ROS accumulation and genotoxic stress in neighboring wild-type hematopoietic stem and progenitor cells (113) . This observation supports that within the context of SDS, the microenvironment induces oxidative stress in hematopoietic stem cells. Also T-lymphocytes from DC patients display elevated ROS levels, and transient suppression of DKC1 induced both oxidative stress and expression of antioxidant enzymes in HeLa cells (73, 114) . While no changes in ␥ H2A.X DNA double-strand break foci were observed, DNA lesions defined by protein poly ADP-ribosylation were increased. Finally, CHH patient samples display 2.4-fold higher expression of the ROS scavenger catalase (115) , pointing toward elevated oxidative stress in this disease as well. Upregulation of ROS scavengers is however not a generalized phenotype in ribosomopathies: expression of genes that involved in ROS detoxification, such as superoxide dismutase 2, is decreased in DBA models such as Rpl11 zebrafish mutants and RPS19 (eS19)-deficient human cell lines (116, 117) . Besides a role for ROS in causing DNA damage, alternative pathways likely support the enhanced DNA damage that is observed in RP deficiencies, such as alterations in DNA repair mechanisms or failure of DNA damage recognition via the MDM2/TP53 axis.
High oxidative stress can also induce mitochondrial dysfunction, interfering with adequate oxidative phosphorylation, mitochondrial respiration and consequently TCA cycle intermediates and end products like ATP (64, 111) . This can contribute to the hypo-proliferative nature of early stage ribosomopathies (64, 111, 112, 118) . Furthermore, restricted availability of TCA-derived substrates might increase the pool of metabolic enzymes that are available to fulfill their additional roles as mRNA-binding proteins (58, 119) as discussed below. Furthermore, rRNA is a target for oxidative nucleobase damage and, consequently, enhanced oxidative stress levels can interfere with ribosome assembly and different substeps of the translation elongation cycle (120), as well as reduce the fidelity of protein synthesis (121) . This can further augment ROS production, leading to an oxidative and translation-defective cellular feedback loop that might even further advance a mutagenic phenotype.
Altered glycolysis and serine/glycine synthesis. Metabolic reprogramming occurs very frequently in cancer, as transformed cells depend on augmented nucleotide and protein synthesis and ATP. In addition, cellular protein synthesis is one of the most energy-consuming processes in the cell, estimated to consume 30% of cellular ATP (122) . Therefore, it is not surprising that ribosomopathies affecting the cellular protein translation apparatus can have profound impacts on cellular energy metabolism.
Glycolytic changes have been observed in diseases associated with ribosomopathies. Leukocytes from CHH patients display elevated mRNA expression of glycolysis enzymes, such as fructose-1,6-bisphosphatase 1 (FBP1), glucokinase (GK) and hexokinase 2 (HK2) (115) . SDS patient lymphoblasts contain low levels of pyruvate and present im-paired oxidative phosphorylation, accompanied by elevated lactate levels, indicating that SBDS-deficient cells undergo high levels of glycolysis (111) . In DBA, however, Rpl11deficient zebrafish and RPS19-deficient mouse fetal liver cells downregulate genes encoding glycolytic enzymes and increase the expression of genes involved in aerobic respiration (117) . The key glycolytic enzymes pyruvate kinase isozyme 2 (PKM2), fructose-bisphosphate aldolase A (AL-DOA) and lactate dehydrogenase A (LDHA) directly bind to ribosomes (58) , making it tempting to speculate that altered ribosome availability in ribosomopathies may directly impact glycolytic enzyme availability and activity.
Modulation of serine synthesis, a glycolysis-diverting pathway, is well-described in breast cancer (123) . This however may also be relevant for ribosome-mutant disorders. Combined transcriptome and translatome analysis on cells expressing the RPL10-R98S mutation revealed that one of the key enzymes in serine synthesis--phosphoserine phosphatase (PSPH)--is more efficiently transcribed and translated in RPL10-R98S mutant cells. This mutant ribosomedependent increase in PSPH translation resulted in enhanced serine/glycine synthesis, which in turn supported purine synthesis (81) . Similarly, fibroblasts of DBA patients present elevated levels of serine/glycine synthesis enzymes phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase 1 (PSAT1) and the mitochondrial serine hydroxymethyltransferase 2 (SHMT2) (124) . This is further supported by the observation of increased PHGDH and PSAT1 mRNA levels in erythroid TF-1 cells upon knockdown of DBA-associated ribosomal proteins RPL5, RPS19 and RPL11 (116) . Several studies thus support that ribosome-defective cells undergo metabolic reprogramming to benefit from glycolysis and serine synthesis. These intriguing observations however require further investigation to define whether metabolic rewiring is a direct consequence of particular ribosomal defects, as in the case of RPL10 R98S.
To add another layer of complexity, metabolic reprogramming and altered levels of metabolic intermediates and enzymes in ribosomopathies might in turn cause translational reprogramming. Besides their catalytic function to convert metabolites, many metabolic enzymes have been identified as mRNA-binding proteins (58, 119) . Why these proteins bind mRNAs and how this affects mRNA translation is still unknown. The enzymes for which these functions have been described cover much of the metabolomic landscape and do not cluster into particular pathways. Many of these enzymes share the ability to simultaneously bind ATP and a substrate such as succinate, aspartate or pyruvate. The influence of restricted availability of these metabolic intermediates on the RNA-binding capacity of the enzymes also requires further investigation. In addition, many metabolic enzymes form dimers or oligomers and, therefore, enzyme availability might affect RNA-binding ability or capacity. Furthermore, besides an important role as RNA-binding protein, a recent study highlights the requirement of SHMT2-driven serine catabolism for maintaining formylmethionyl-tRNAs, associated with proper mitochondrial translation initiation (125) , providing another connection between cell metabolism and translational regulation.
TRANSITION FROM HYPO-TO HYPER-PROLIFERATION IN RIBOSOMOPATHIES AND RELATED BONE MARROW FAILURE SYNDROMES
In the sections above, cellular changes induced by ribosome defects were discussed. Here, we propose a model that integrates several of these findings and that can explain the paradoxical evolution from hypo-to hyper-proliferative disease phenotypes in ribosomopathy patients (Figure 4 ). Recent examples illustrate that a ribosome defect can generate specialized 'onco-ribosome' species with a shifted translational output, resulting in hypo-translation of tumor suppressors such as CDKN1B and TP53, and hypertranslation of oncogenes such as BCL-2, JAK-STAT proteins or VEGF (64, (67) (68) (69) 74) . Altered extra-ribosomal regulation of proteins such as TP53, MYC or c-FOS/c-JUN represents a second means by which cancer-associated proteins can be affected. Despite these tumor-promoting changes in the cells, introduction of a RP or biogenesis defect typically impairs cell proliferation at first. This can be explained by the fact that dysregulation of the cellular oncogene/tumor suppressor balance is not the only cellular change that occurs: defective ribosomes also induce extensive oxidative stress and generate high ROS levels, which are toxic and impair cellular growth. The hypo-proliferative phenotypes associated with the RPL10-R98S mutation or with SBDS or DKC1 inactivation are entirely rescued by reduction of ROS levels with an antioxidant (64, 109, 112, 114) . Thus, as long as cells cannot lower these excessive ROS levels, hypo-proliferation persists. ROS damages multiple cellular components, including the DNA, causing high mutation rates. Alternatively, selection of MDM2-or TP53deficient cells may bypass the DNA damage checkpoints and their repair, increasing the mutational load. At a certain moment, some of these newly acquired mutations may function in reducing cellular oxidative stress levels and relieve the hypo-proliferative pressure. In the context of the RPL10-R98S mutation, secondary NOTCH1 mutations have been shown to fulfill this function: acquisition of a NOTCH1 mutation was able to rescue the RPL10-R98S associated proliferation defect and reduced elevated ROS and DNA double-strand break levels. Other secondary mutations such as inactivating lesions in TP53 may exert this function in other ribosomopathies (109) . As such, these secondary mutations can alleviate RP mutation associated toxicity, leading to transition into a hyper-proliferative state, with specialized translational and/or extra-ribosomal functions preserved. Other mutations caused by the initial acceleration of DNA damage can further promote cell growth and are selected in a continuous process, strengthening the hyper-proliferation phenotype yet again (Figure 4) .
MDS with elevated risk to AML progression also occurs in patients that do not display ribosome defects, and causes of MDS are not always understood. The pathogenic role of elevated ROS levels and oxidative DNA damage may be similar in some non-ribosomopathy MDS patients, since increased oxidative DNA damage has been observed in hematopoietic progenitors from MDS patients (126) . In contrast to the high ROS levels induced by a ribosome defect in the cell, ROS levels can originate from a microenvironment dependent inflammatory response (127) . If our model explaining transition from hypo-to hyperproliferation is correct, it implies that reducing oxidative stress levels in hematopoietic cells by means of antioxidants would alleviate the hypo-proliferative disease phase. It would prevent DNA damage and thus progression to the hyper-proliferative phase in bone marrow failure syndromes where excessive ROS levels are accumulating in the cells. This is an attractive idea that requires further investigation. Such a strategy will however not be efficient in all MDS syndromes, because the excessive genomic instability in these diseases can also be caused by defective DNA repair, as for instance in patients with the congenital bone marrow failure syndrome Fanconia Anemia.
MITORIBOSOMES
The vast majority of the human proteome is synthesized by cytoplasmic or endoplasmic reticulum associated ribosomes. However, in humans 13 proteins of the mitochondrial oxidative phosphorylation machinery are translated exclusively by mitochondrial ribosomes (mitoribosomes) that are built from nuclear genome-encoded mito-RPs and mitochondrial DNA-encoded rRNA. Mitochondria are generally accepted to be descendant of ancient bacteria that started to cooperate with primordial single-cell organisms. As a result, mitochondrial ribosomes structurally more closely resemble ribosomes found in modern day bacteria rather than those in the cytoplasm of eukaryotic cells.
Mitoribosomes, however, display a much higher protein-to-rRNA ratio. It is widely believed that mitoribosomes lost segments of rRNA and replaced it with proteins as a part of a devolutionary process, as parasites and symbionts devolved by losing non-core components (128) . However, we speculate that an alternate theory is also possible: because mitoribosomes function in the ROS-intensive environment of the mitochondria, they evolved a protein 'shield' to protect the rRNA core from ROS attack, which is particularly sensitive to oxidative nucleobase damage (120, 121) . As such, they have become 'specialized' to function in this predominantly harsh environment. This is particularly relevant in cancer cells, which generally display elevated levels of ROS and higher rates of mitochondrial biogenesis (129) .
While mitoribosomes have been less intensively studied, their central role in cancer progression is becoming clear. For example, cancer cell fitness is improved through a concerted increase in both cytosolic and mitochondrial translation (130) , and mitochondrial translation inhibition was proposed as an attractive therapeutic strategy for some cancers (129, 131) . The clinical relevance of mitochondrial translation is further highlighted by the occurrence of mutations in mitochondrial RP genes, associated with mitochondrial dysfunction disorders (reviewed in (128)). For example, a recent case report highlights a common familiar mitochondrial mutation that sensitizes the affected individuals to the ototoxicity of aminoglycoside antibiotics due to the mutation-induced structural changes in the mitoribosome (132) . Somatic mutations in mito-RP genes regularly appear in cancer genomics datasets, but their significance in cancer pathogenesis has not been established. We speculate that these mutations may impact the functionality of cellular oxidative phosphorylation and may thus have a role in the well-known Warburg effect, whereby tumors switch from oxidative phosphorylation to anaerobic glycolysis as the main energy source.
CONCLUSIONS AND FUTURE PERSPECTIVES
As outlined in this review article, great progress has been made in understanding the ribosomopathies since the description on RPS19 mutations in DBA over 20 year ago. Several findings have also resulted in novel therapeutic approaches that can already be explored, or are finding their implementation into the clinic. An overview on the potential therapeutic options for ribosomopathies has been provided elsewhere (14) . More recently, a novel therapeutic opportunity was described to target the leukemic addiction to BCL-2, provided by the IRES-mediated translation in RPL10-R98S mutant leukemias (64) . Furthermore, since high ROS levels seem to be a general consequence of ribosomal defects, it can be hypothesized that ribosomopathy patients may benefit from antioxidant supplements during the hypo-proliferative period to control cellular oxidative stress and its associated DNA damage.
Despite recent advances, a number of questions still require investigation. First, the concept of ribosome specialization needs further attention. As described in detail above, there are now plenty of examples, both in congenital and somatic ribosomopathies, supporting a differential translational output of ribosomes with RP or ribosome biogene-sis factor defects. However, the exact composition of these specialized ribosomes has not been elucidated. In-depth structural studies by cryogenic electron microscopy (cryo-EM), combined with analysis of the protein composition, the rRNA modification status and the spectrum of proteins interacting with these ribosomes (ribo-interactome), would be required to characterize these specialized ribosomes in more detail. This might in turn encourage the development of 'specialized' translation inhibitors. Indeed, new classes of translation inhibitors are emerging that selectively target translation of small subsets of mRNAs, with few off-target effects (133, 134) .
A second open question concerns the spectrum of mutations in ribosomopathies. For example, in 25% of DBA patients, the causal mutation for their disease remains unidentified. Furthermore, somatic mutations have been described in genes to which multiple functions, including regulating ribosome biogenesis, have been associated. Examples here are the mutations in the NPM1 gene, observed in one-third of AML patients, as well as mutations in PHF6, present in 20% of T-ALL and 3% of AML patients (135) (136) (137) . It is currently however unclear whether the mutations in these genes are promoting cancer by dysregulating the ribosome. Also mutations in factors affecting tRNA biology can alter translation, leading to ribosomopathy phenotypes. In this regard, loss of PUS7, an enzyme involved in tRNA pseudouridinylation, has recently been described in MDS and has been shown to drive elevated protein translation (138) . While many of the described cellular changes in ribosomopathies are cell autonomous, non-cell autonomous effects can also assist in transformation of precancerous ribosome defective cells. Supportive mesenchymal cells affect ribosome-defective cells by exposure to genotoxic stress and inducing a pro-inflammatory response that enhances oxidative stress and DNA damage (113) . Activation of the innate immune system is also observed in Rps14-deficient mouse model of MDS (139) . In addition, due to high ROS and metabolic rewiring, both oxygen and nutrient diffusion from dynamic autocrine and paracrine pathways can assist ribosome-defective cells and their interacting supportive niches, potentially contributing to cancerous transformation (81) .
To quote the Nobel laureate Albert Szent-Gyorgyi: 'Discovery consists of looking at the same thing as everyone else and thinking something different.' In regards to the ribosomes field, such thinking enabled to centrally position the translational machinery in cancer research. We are confident that expecting the unexpected will continue to lead to novel discoveries and insights to ultimately improve the quality of life for patients suffering from ribosomopathies and prevent the progression to cancer.
